6). Thus, collectively these results further supported the previous finding that EAT1 3 8 3
regulates AP37 and AP25 (Niu et al., 2013) . OE142 has altered ROS metabolism in the anther 3 8 6
Timely accumulation of ROS is essential to induce PCD during tapetum degeneration 3 8 7 (Hu et al., 2011; Yi et al., 2016) . The premature onset of tapetal PCD as shown in anthers. Therefore, quantitative measurement of superoxide ion using WST-1 was 3 9 0 performed in the anthers of the Wt and OE142 line at various developmental stages. 3 9 1
Normally, ROS accumulates more at S8 to S9 to trigger tapetal PCD (Xie et al., 2014) .
Our results showed that the Wt anthers accumulated the highest level of superoxide 3 9 3
anions during the meiosis stage; however, OE142 had significantly lower level of 3 9 4
superoxide anions compared to the Wt. In addition, the anthers of OE142 accumulated 3 9 5
more superoxide anions at the later stage of anther development ( Fig. 7A ) that might be 3 9 6
toxic for OE142 anther development. A previous study suggested that tapetal PCD 3 9 7
requires timely and precise control of ROS levels (Xie et al., 2014) . We therefore 3 9 8 compared the expression of rice ROS scavenging associate genes in OE142 at various 3 9 9
stages of anther development. Our qRT-PCR analysis indicated that OE142 reduced the 4 0 0 expression of MADS3 and MT2b (Fig. 7) . Earlier studies suggest that MADS3 involved 4 0 1 in ROS metabolism to trigger PCD (Hu et al., 2011) . Our qRT-PCR results indicated that 4 0 2 MADS3, and MT2b were significantly downregulated in the anthers of OE142 (Fig.7B , 4 0 3 C), which is consistent with the higher ROS accumulation in OE142 as compared to the 4 0 4
Wt (Fig. 7A) . Taken together, these results suggest that decreased ROS scavenging 4 0 5 activity in OE142 anthers affects ROS metabolism and initiation of synchronized PCD, 4 0 6 resulting in defective pollen grains (Fig. 1E) . Based on the fact that EAT1 expression is 4 0 7 downregulated at the S9 stage in OE142 anthers, we contemplated whether EAT1 may 4 0 8
play an important regulatory role in ROS metabolism. To verify the possible gene 4 0 9
hierarchy in this regulatory process, qRT-PCR analyses of the expression of ROS marker 4 1 0 genes in eat1 (Tos17 mutant) anthers were carried out. The results indicated that MADS3 4 1 1
and MT2b were downregulated in eat1 mutant (Fig. 7D, E) , implies that MADS3 and 4 1 2
MT2b genes might be located downstream of the EAT1 regulatory network. Taken  4  1  3 together, these data suggest that overexpression of bHLH142 causes downregulation of 4 1 4
EAT1 at the late stage of anther development, which in turn alters the expression of ROS 4 1 5
scavenging genes with decreased scavenging activity and accumulation of ROS 4 1 6 molecules, leading to defected male gametophyte development. 4 1 7 4 1 8
Overexpression of bLHL142 impairs sporopollenin biosynthesis 4 1 9
Lipidic exine synthesis is an important component of the pollen wall in rice and 4 2 0
Arabidopsis (Yang et al., 2007) . The anthers of OE142 were weakly stained by the lipid 4 2 1 specific dye Sudan Black compared to that of Wt ( Supplementary Fig. S2B ). Moreover, 4 2 2 the TF PTC1 was downregulated in OE142 ( Fig. 5H) . Several lipid transfer proteins 4 2 3
were also downregulated in ptc1 anthers (Li et al., 2011) . Therefore, the expression of 4 2 4 these marker genes related to pollen sporopollenin biosynthesis was monitored by real 4 2 5
time PCR during OE142 pollen development. The results demonstrated that 4 2 6 overexpression of bHLH142 sharply reduced the expression of these genes related to 4 2 7 sporopollenin and pollen wall biosynthesis. The transcripts of Cyp703A3, Cyp704B2, 4 2 8 MS2, and C4 were almost not detectable in OE142. The expression of C6 was also 4 2 9
down-regulated in the anthers of OE142 at the late stage of development (Fig. 8) . Our 4 3 0 analyses with rice tdr1 and eat1 mutants also indicated that MYB80 was downregulated 4 3 1 at S9. Similarly, PTC1, a key regulator of sporopollenin biosynthesis, was significantly 4 3 2 downregulated in the eat1 anther (Supplementary Fig. S5 ). Taken together, these 4 3 3
results support the idea that both MYB80 and PTC1 regulate sporopollenin biosynthesis 4 3 4 in both monocots and dicots. Thus, overexpressing bHLH142 caused downregulation of 4 3 5 EAT1 at S9, which might severely inhibit MYB80 and PTC1 and reduce sporopollenin 4 3 6 gene expression (Fig. 8) In this study, we found that EAT1 was upregulated at stages S6 to S8 but then 4 4 1 downregulated at S9 in the anthers of OE142 (Fig. 5F, 9A ). To understand the spatial 4 4 2 and temporal expression patterns of EAT1 in OE142, we carried out RNA ISH 4 4 3
hybridized EAT1 Dig-labeling probe in the anthers of Wt vs. OE142 at S8a and S9. The 4 4 4 results revealed that EAT1 mRNA was highly expressed in the tapetum, middle layer, 4 4 5 meiocycte, microspore, vascular bundle, and hull of the Wt at S9 (Fig. 9B) . However, 4 4 6 ISH positive signal of EAT1 was strong in the anthers of OE142 at early meiosis (S8a), 4 4 7
but significantly reduced to a negligible level at YM (S9). The ISH results support our 4 4 8 EAT1 qRT-PCR data ( Fig. 5F) , providing a clear picture of the in vivo transcriptional 4 4 9 map of EAT1.
Western blot analysis further revealed that bHLH142 protein was specifically 4 5 1 accumulated in the OE142 anthers (Fig. 3F) . EAT1 protein was not detectable at S8a but 4 5 2 accumulated at a high level at S9 in the Wt (S9). However, OE142 anthers precociously 4 5 3 expressed EAT1 protein at S8a but its expression was reduced to negligible level at S9 4 5 4 (Fig. 9C) . These data suggest that overexpression of bHLH142 prematurely upregulate 4 5 5 EAT1 transcription (Fig. 5F, 9A ) as well as its protein level (Fig. 9C ) in the anthers of 4 5 6
OE142. Thus, the decreased transcript abundance and protein amount of EAT1 at S9 4 5 7 might interrupt the normal anther development in the OE142 transgenic lines. 4 5 8
In our previous study, we demonstrated that bHLH142 interacts with TDR1 to 4 5 9
co-modulate EAT1 transcriptional activity (Ko et al., 2014 In an effort to provide greater insight into the functionality of bHLH142 in rice 4 7 4 pollen development, we generated transgenic lines constitutively overexpressing 4 7 5
bHLH142. To our surprise, overexpression of bHLH142 also leads to male sterility in 4 7 6
rice, similar to the knockout mutant reported previously (Ko et al., 2014) . Except for the 4 7 7 defect in pollen development, OE142 transgenic lines maintain wild-type like vegetative 4 7 8 growth ( Fig. 1; Supplementary Fig. S1 , S2). 4 7 9
Our in-depth molecular characterization suggests that overexpression of bHLH142 4 8 0 significantly alters in vivo homeostasis of the known key pollen development-related 4 8 1 regulatory TFs in the OE142 anthers (Fig. 5) . For example, UDT1, GAMYB, MYB35, 4 8 2
TDR1
, and EAT1 were upregulated in OE142 at the early stages of anther development 4 8 3 (Fig. 5) . Presumably, this triggers a premature onset of tapetal PCD in OE142 anthers 4 8 4 before the maturation of pollen grains, as shown in the TUNEL assay (Fig. 2) . The 4 8 5 reduced expression of EAT1 at the young microspore stage (S9) and onward in OE142 4 8 6 anthers ( Fig. 5F ) further impairs the normal development of pollen grains because of 4 8 7 reduced expression of the downstream genes in the PCD pathway, such as AP37, AP25, 4 8 8
and CP1 (Fig. 6 ) and pollen wall biosynthesis, such as MYB80, PTC1, MS2, Cyp704B2, 4 8 9
C4
, and C6 (Fig. 8) . Obviously, interference with the timely expression of these pollen 4 9 0 development associated genes leads to male sterility in OE142. 4 9 1 4 9 2
Tightly regulated bHLH TFs are essential for pollen development 4 9 3
Our study revealed that overexpression of bHLH142 causes significant changes in 4 9 4 
Figure legends
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The red signal exhibits propidium iodide staining, and the yellow fluorescence is the merged 6 2 1
signal from TUNEL (green) and propidium iodide staining (red). Scale bars: 50 µm. 
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Wild type for eat1 is in Hitomebore background. Abbreviations are as described in the legend of 6 6 2 ISH hybridization to EAT1-antisense probe in the Wt and OE142 anthers at stages S8 to S10. (C) 6 7 4
Western blotting showed premature expression of EAT1 protein at MMC and downregulation at 6 7 5
YM in OE142. The knockout mutant eat1 was used as a negative control. Abbreviations are as Supplementary data 6 9 3 6 9 4
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